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Stimulated Raman adiabatic passage (STIRAP) is a widely-used technique of coherent state-to-state manip-
ulation for many applications in physics, chemistry, and beyond. The adiabatic evolution of the state involved
in STIRAP, called adiabatic passage, guarantees its robustness against control errors, but also leads to prob-
lems of low efficiency and decoherence. Here we propose and experimentally demonstrate an alternative ap-
proach, termed stimulated Raman “user-defined” passage (STIRUP), where a parameterized state is employed
for constructing desired evolutions to replace the adiabatic passage in STIRAP. The user-defined passages can
be flexibly designed for optimizing different objectives for different tasks, e.g. minimizing leakage error. To
experimentally benchmark its performance, we apply STIRUP to the task of coherent state transfer in a su-
perconducting Xmon qutrit. We found that STIRUP completed the transfer more then four times faster than
STIRAP with enhanced robustness, and achieved a fidelity of 99.5%, which is the highest among all recent
experiments based on STIRAP and its variants. In practice, STIRUP differs from STIRAP only in the design of
driving pulses; therefore, most existing applications of STIRAP can be readily implemented with STIRUP.
Introduction.—Stimulated Raman adiabatic passage (STI-
RAP) was originally proposed for coherent population trans-
fer between two uncoupled or weakly coupled quantum states
via an intermediate state [1–3]. It is immune to loss through
spontaneous emission of the intermediate state, and the adia-
baticity guarantees its robustness against fluctuations in con-
trol parameters [4]. Due to such advantages, STIRAP and
its many variants have quickly evolved into general methods
of quantum manipulation beyond the original usage for state
transfer, and found wide applications in many subfields of
physics [5], chemistry [6], and engineering [7]. One particular
field is quantum information processing, where STIRAP has
been proposed and demonstrated for implementing quantum
gates [8–16], state preparation and transfer [17–21], quan-
tum computation in extended Hilbert space [22, 23], quan-
tum memory [24, 25], and so on. However, the demand of
high precision and fidelity in this field, as well as in other
fields where STIRAP may find applications [5], poses great
challenges to the original format of STIRAP. In particular, its
requirement of adiabaticity leads to two issues. Firstly, the ef-
ficiency or fidelity can approach unity only in the long-time
limit. Secondly, a slow passage is undesirable since decoher-
ence is ubiquitous.
To address such issues, variants of STIRAP have been
proposed, such as pulse shaping [26, 27], composite STI-
RAP [28], and shortcut-to-adiabaticity (STA) [29–43]. The
former two methods aim at reducing nonadiabatic losses by
using complex pulse engineering and thus sacrifice some of
the major advantages of STIRAP: its simplicity and immunity
to fluctuations in control parameters. STA represents a fam-
ily of schemes aiming at accelerating adiabatic processes, in-
cluding the original counterdiabatic driving [33–37] and more
sophisticated ones constructed via dressed states [39, 40] or
dynamical invariants [41–43]. The essential idea of counter-
diabatic driving is to use an auxiliary drive to recast adiabatic
paths. It requires a direct coupling between the initial and final
states, which limits its application in many systems. On the
other hand, methods based on dressed states [40] or dynamical
invariants [41] do not require direct coupling, but finding rep-
resentations of dressed states or constructing proper dynami-
cal invariants may become rather complicated, especially for
high-dimensional quantum systems [29]. These issues moti-
vate us to search for an alternative way of improving STIRAP.
Here, we propose and experimentally demonstrate a new
scheme of coherent quantum control, where a parameterized
state is employed to construct desired passages. The scheme
is termed stimulated Raman user-defined passage (STIRUP),
which can be regarded as a generalization of STIRAP, as it
yields identical result to STIRAP in the adiabatic limit. Fur-
thermore, with the flexibility of defining passages, one can
optimize different objectives for different tasks, such as min-
imizing leakage error, enhancing robustness against control
errors, speeding up quantum control, etc.
For an experimental demonstration, the STIRUP pulses
were applied to realize a coherent population transfer from
the state |0〉 to |2〉 in an Xmon-type of superconducting
qutrit. Previously, STIRAP was realized experimentally [19–
21] with a fidelity no more than 97%, which is reproduced in
our experiment. Recently, STA was also experimentally re-
alized on a superconducting platform for the same task [37],
but only 96% fidelity was achieved; mostly because of the ad-
ditional microwave pulse for counterdiabatic driving. In con-
trast, both STIRAP and STIRUP require only two microwave
pulses to complete the state transfer. Our experimental re-
sults show that STIRUP can be more than four times faster
than STIRAP for the same fidelity, and the fidelity can reach
>99.5%, after pulse optimization against errors from leakage
and cross coupling.
Setting the stage.—Let us consider a multi-level system
under two external drives with time-dependent amplitudes,
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2ΩP(t) and ΩS(t), as shown in Fig.1(a). Under the rotating-
wave approximation, the Hamiltonian of this driven system
reads H0(t) = 12 [ΩP(t)|0〉〈1| + ΩS(t)|1〉〈2| + H.c.]. One
of its three eigenstates, |D0(t)〉 = cos θ(t)|0〉 + sin θ(t)|2〉
(tan θ(t) = ΩP(t)/ΩS(t)), is a dark state, which is dynami-
cally decoupled from the system evolution under the adiabatic
condition [5]. STIRAP uses this dark state to realize a coher-
ent population transfer from state |0〉 to |2〉 by evolving the
mixing angle θ(t), without populating state |1〉 [5]. In order
to keep the system in the dark state, θ(t) is varied adiabati-
cally to avoid transitions to other eigenstates of H0(t), which
is called “adiabatic passage”.
In the following we maintain the setting of STIRAP, but
provide a broader perspective on the use of “passage” for
quantum control. Specifically, here the concept of passage is
extended by defining some time-parameterized state (as input)
for inverse-engineering the driving Hamiltonian (as output).
In this way, one gains higher flexibility in incorporating vari-
ous optimizations for boosting performance. This strategy can
also be applied to other quantum control applications beyond
quantum state transfer.
For this purpose, our “user-defined” passage for a three-
level system can be generally parameterized as (up to a global
phase):
|ΦUD〉=cosγ cosβ|0〉+eiφ1 sinγ|1〉−eiφ2 cosγ sinβ|2〉, (1)
where β(t), γ(t), φ1,2(t) are generally time-dependent vari-
ables to be determined below. To achieve state transfer from
|0〉 to |2〉, it is sufficient to impose the following boundary
conditions: γ(0) = γ(T ) = 0, β(0) = 0, and β(T ) = pi/2 at
time t = 0 and t = T > 0 respectively. Note that the STIRUP
passage can be reduced to the adiabatic passage, and STIRUP
becomes the same as STIRAP under the adiabatic condition.
Consequently, the time dependence of the control pulses
can be determined by the passage through the Schro¨dinger
equation,
ΩP = [β˙ cot γ sinβ + γ˙ cosβ]e
−iφ,
ΩS = [β˙ cot γ cosβ − (γ˙ − iφ˙2 cot γ) sinβ]ei(φ2−φ),
(2)
where φ ≡ φ1 + pi/2. To eliminate the phase factors, we
can choose φ = 0 and φ2 = 0 for simplicity. Note however
that extra care must be taken at t = 0 and t = T , as the
boundary conditions would imply a divergence of the driving
pulses whenever cot γ|γ→0 →∞.
To overcome such a problem, it is sufficient to maintain the
combinationG(t) ≡ β˙(t) cot γ(t) to be finite. In other words,
on the user-defined passage we enforce additional boundary
conditions: G(0) 6= 0, G(T ) 6= 0, and β˙(0) = β˙(T ) = 0. As
a result, we re-write the above relations as follows,
ΩP =
√
G2 + γ˙2 sin[β + arctan (γ˙/G)],
ΩS =
√
G2 + γ˙2 cos[β + arctan (γ˙/G)].
(3)
To demonstrate the flexibility, we provide three possibles
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FIG. 1. (a) Multilevel system driven by two external resonant
pulses with time-dependent amplitudes. (b) Schematic of different
passages. For multilevel systems with non-negligible cross coupling
and leakage, unoptimized STIRUP may lead to significant leakage
out of the relevant Hilbert space. (c) Cross coupling and leakage to
higher excitations in a multilevel system with weak anharmonicity
such as an Xmon type of superconducting device. For example, the
Stokes pulse that resonantly couples |1〉 and |2〉 in (a) can now also
introduce an off-resonant coupling between |0〉 and |1〉 in an Xmon.
(d) Envelopes of microwave pulses used for the four cases studied
in this work: STIRAP, STIRUP (no optimization), STIRUP-OP, and
STIRUP-DRAG (both are optimized, see the main text for details).
pi
2
1
1+e−10τ/T with τ ≡ t − T/2. (ii) To reduce the population
of intermediate level |1〉, we can instead choose the param-
eter as G(t) = Ω0[1 + Ae
− (τ)2
(T/B)2 ], where A and B can be
determined via numerical optimization (see SM for details).
(iii) To minimize the cross coupling and leakage errors, one
can also combine STIRUP with the hyper-Gaussian function
g(t) = exp−(2τ)8 of the optimal STIRAP pulses [26], i.e.,
G(t) = Ω0g(t)[1 +Ae
− (τ)2
(T/B)2 ].
In the following, we discuss an exemplary implementa-
tion of STIRUP using superconducting quantum circuits (see
Fig.1(c)). Specifically, we realized a state transfer process
from |0〉 to |2〉 in an Xmon-type of superconducting qutrit.
To the first order of approximation, this specific system can
be viewed as an anharmonic oscillator, with an anharmonicity
about one order of magnitude smaller than its characteristic
frequency. Such a small anharmonicity renders the Hamilto-
nianH0(t) introduced above insufficient to describe an Xmon
qutrit driven by two microwave pulses. Additional terms de-
scribing cross coupling and leakage to higher excited energy
levels must be added to H0(t):
H(t)=H0(t)+
1
2
[(
ΩS√
2
e−iαt|0〉〈1|+√2ΩPe−iαt|1〉〈2|
)
+H.c.
]
+ 12
[(√
6ΩS
2 e
−iαt+
√
3ΩPe
−i2αt
)
|2〉〈3|+H.c.
]
. (4)
Here we only consider the leakage to state |3〉, and α is the
anharmonicity of the Xmon defined as the difference between
the lowest two frequencies of transition: α = f12− f01. With
such additional contribution, the pulses designed based on Eq.
(3) (obtained for H0(t)) no longer give proper passages for
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FIG. 2. (a) Numerical simulation of the transfer efficiency (defined
as the population of |2〉) towards the end of three different passages.
The oscillatory behavior is due to the cross coupling and leakage
discussed in the main text. (b) Evolution of populations during a state
transfer using the STIRUP-OP passage. (c) Transfer efficiencies of
two passages: STIRAP and STIRUP-OP. The two dotted lines at 34
and 150 ns mark the moments when an efficiency of 96% is achieved
for the STIRUP-OP and STIRAP passages, respectively.
the desired transfer. Indeed, numerical simulations indicate
that the transfer process using such pulses exhibits a strong
oscillatory behavior towards the end, which leads to ambi-
guity in evaluating the transfer efficiency (see the “STIRUP”
curve in Fig.2(a)). Such oscillatory behavior is due to the
cross coupling and leakage discussed above. In the following
we demonstrate that by modifying the pulses designed based
on Eq. (3) using certain optimizations, one can effectively
suppress these unwanted effects and achieve the desired state
transfer with high efficiency and fidelity.
Two different ways of optimization are investigated. In the
first one, we adapt the method used in Ref. [26, 44] for op-
timizing the STIRAP process. In the second one, we extend
the standard method of derivative removal by adiabatic gate
(DRAG) for a three-level system to include even higher ex-
cited states [45–47]. In both optimizations, we run numerical
simulations, using a master equation, to optimize the overall
fidelity of the transfer process. Both optimized and unopti-
mized pulses (hereafter referred to as STIRUP-OP, STIRUP-
DRAG, and STIRUP, respectively), together with those used
in the STIRAP process, are compared in Fig. 1(d). Further
details of pulse design and optimization can be found in SM.
With such optimizations, the oscillatory behavior mentioned
above can be suppressed to a large extent. The transfer effi-
ciency can now be determined to be 99.8% and 99.5% for the
two optimizations, respectively (Fig.2(a)).
Experimental results and analysis.– All data reported in this
work were acquired on one Xmon qutrit, and similar results
were reproduced on other samples. The characteristic fre-
quencies of the qutrit used here are around f10 = ω10/2pi =
5.208 GHz and f21 = ω21/2pi = 4.958 GHz. The relax-
ation and dephasing times are T 101 = 4.82 µs, T
10
2 = 5.06
µs, T 211 = 5.96 µs and T
21
2 = 2.55 µs, respectively. Ex-
ternal microwave drives are applied to the qutrit through an
XY control line. The qutrit is capacitively coupled to a res-
onator of quarter-wavelength (ωr/2pi = 6.68 GHz), which is
in turn coupled to a transmission line. The state of the qutrit
can be deduced by measuring the transmission coefficient S21
of the transmission line using the dispersive readout scheme.
Further details of the sample and measurement setup can be
found in SM.
To characterize a state transfer process following a spe-
cific passage, we measure population of the three levels of
the qutrit as a function of time. Figure 2(b) shows a typical
data set for the case of the STIRUP-OP passage. The qutrit is
initialized to state |0〉, and the pulse shown on the third panel
of Fig. 1(d) is applied. Within 44 ns, the population of state
|2〉 rises to above 99%, accomplishing a fast and high fidelity
transfer from state |0〉 to |2〉. Figure 2(c) compares the ef-
ficiency of transfer (i.e., population of |2〉) for two different
passages. For the STIRAP case, the maximum transfer effi-
ciency (about 96%) is achieved at around 150 ns, whereas the
STIRUP-OP passage can reach the same efficiency within 34
ns. Such acceleration helps minimize losses due to sponta-
neous emission from excited states. As a result, the STIRUP
can still achieve high fidelity even though the population of
the intermediate state is nonzero during the transfer, unlike
in STIRAP there is no occupation of the intermediate state
during the whole process. We also emphasize that while the
STIRUP passages used here do not specifically target at accel-
erating the transfer, like those STA-based variants of STIRAP,
they nevertheless accomplish this goal nicely.
Next, We investigate the robustness of different protocols
against experimental errors. In Fig. 3, the transfer effi-
ciencies of five passages against the error in the Rabi fre-
quency ηp,s are compared to each other. ηp,s is defined as
Ω˜P,S = (1 + ηp,s)ΩP,S, where Ω˜P,S and ΩP,S are actual and
expected values of the Rabi frequency, respectively. For the
resonant Rabi (RR) method [48, 49], two identical pi pulses in
the form of ΩP,S = Ω0 sinβ(t) are applied. The RR scheme is
often used to benchmark protocols of state transfer and certain
quantum gates. The STIRUP-OP process has the best robust-
ness in transfer efficiency against the error, larger than 92% in
the range of 0.8∼1.2ΩP,S. Overall, the STIRUP-OP passage
is superior to the RR scheme, the STIRAP cases (both origi-
nal and accelerated forms), and the STIRUP-DRAG passage,
in terms of both robustness and optimal transfer efficiency.
We have also investigated, both numerically and experi-
mentally, the effect of detuning in the pulse frequencies on
the transfer efficiency of different methods. Figure 4 plots the
transfer efficiency as a function of the two detunings defined
by δ1 = ωd1 − ω10 and δ2 = ωd2 − ω21 (ωd1 and ωd2 are
frequencies of the two external drives, see Fig. 1(a)). The two
methods using our optimization show similar performance. In
both cases, the transfer efficiency is quite robust against the
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FIG. 3. Robustness of the transfer efficiency against error in the Rabi
frequency for five different passages. In all four panels, lines are re-
sults of numerical simulations, symbols are experimental results, and
the shaded stripes indicate a range of the efficiency of (99.5± 0.3)%.
For comparison, the results of STIRUP-OP passage are shown in all
four panels. In panel (a), the black line represents numerical simu-
lation of a state transfer using STIRAP accelerated by a counterdia-
batic driving, as reported in Ref [37].
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FIG. 4. Robustness of the transfer efficiency against detuning er-
rors δ1,2 for four different passages: (a) STIRUP-OP, (b) STIRUP-
DRAG, (c) Resonant Rabi and (d) STIRAP. Dashed lines are con-
tours indicating different values of the efficiency. All four panels are
experimental results, and their comparison to numerical simulations
can be found in SM.
two detunings as long as their sum is kept near zero (i.e., the
two-photon resonant condition is approximately held). Con-
tours of the transfer efficiency can be easily identified on the
experimental data, and are in reasonable agreement with the
numerical simulations (see SM for a comparison). Overall,
the RR and the adiabatic passage cases exhibit less robust
performance against the detuning errors. Moreover, we have
also run numerical simulations to compare our protocols to
the scheme of STIRAP accelerated by a counterdiabatic driv-
ing [37], and found a better robustness in the transfer effi-
ciency against experimental errors for our protocols (see SM).
In summary, we have proposed and demonstrated STIRUP
as a new protocol for quantum control. In this protocol, user-
defined passages for realizing any specified quantum control
are constructed via direct engineering of parameterized so-
lutions of the Schro¨dinger equation. As a demonstration of
the protocol, we realized a coherent population transfer from
the state |0〉 to |2〉 in an Xmon superconducting qutrit. Our
scheme uses only two simple pulses, and can achieve a high
fidelity (>99.5%) in an efficient way, with excellent robust-
ness against experimental errors. Performance wise, STIRUP
is superior to existing methods in precision, efficiency, and
robustness. In terms of simplicity, designing STIRUP pulses
is rather straightforward, avoiding the complexity in various
STA-based schemes. Such advantage of STIRUP becomes
even more prominent for quantum control in systems of higher
dimensions [50].
Although in this work a state transfer process in a three-
level system is used to demonstrate the protocol, it can be
generalized for more sophisticated applications. For exam-
ple, some of the authors of this work have shown theoreti-
cally that STIRUP can be used for state transfer and one-step
generation of entanglement in multi-level systems [50]. In
both cases, STIRUP achieves a significant improvement, in
terms of precision, efficiency, and robustness, over STIRAP
and other conventional methods. Besides quantum informa-
tion processing, STIRUP may also find applications in other
fields, such as precision measurement [51], where the original
STIRAP fails to deliver the high fidelity demanded. In gen-
eral, we expect that STIRUP can replace STIRAP for most ap-
plications, while deliver enhanced performance in most cases.
The essential idea of STIRUP does not depend on assump-
tions specific to particular systems, so it should be readily im-
plementable on other platforms. In the current work, STIRUP
needs to be optimized to eliminate the cross coupling and
leakage errors prevailing in Xmon type of superconducting
devices, due to their relatively small anharmonicity. It there-
fore should be expected that on other platforms with larger an-
harmonicity, the application of STIRUP could be even more
straightforward. Meanwhile, there always exists the flexibility
of incorporating optimizations designed for specific systems.
Finally, we note that the idea of using parametrized states for
solving Schro¨dinger equation can be extended to non-linear
systems; for some cases, the population of the intermediate
state must be non-zero [52].
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